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It is well established that the microtubules of the mitotic spindle
are organized by a variety of motor proteins, and it appears that
the same motors or closely related variants organize microtu-
bules in the postmitotic neuron. Specifically, cytoplasmic dy-
nein and the kinesin-related motor known as CHO1/MKLP1 are
used within the mitotic spindle, and recent studies suggest that
they are also essential for the establishment of the axonal and
dendritic microtubule arrays of the neuron. Other motors are
required to tightly regulate microtubule behaviors in the mitotic
spindle, and it is attractive to speculate that these motors might
also help to regulate microtubule behaviors in the neuron. Here
we show that a homolog of the mitotic kinesin-related motor
known as Eg5 continues to be expressed in rodent neurons well

after their terminal mitotic division. In neurons, Eg5 is directly
associated with the microtubule array and is enriched within the
distal regions of developing processes. This distal enrichment
is transient, and typically lost after a process has been clearly
defined as an axon or a dendrite. Strong expression can re-
sume later in development, and if so, the protein concentrates
within newly forming sprouts at the distal tips of dendrites. We
suggest that Eg5 generates forces that help to regulate micro-
tubule behaviors within the distal tips of developing axons and
dendrites.
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Microtubules are essential for the differentiation of axons and
dendrites. Throughout the axon and in the distal region of the
dendrite, microtubules are uniformly oriented with their plus-
ends distal to the cell body (Heidemann et al., 1981; Baas et al.,
1989). In contrast, microtubules in the proximal and middle
regions of the dendrite are nonuniformly oriented (Baas et al.,
1988, 1989). Given that the polarity of a microtubule is relevant to
both its dynamic and transport properties, these distinct patterns
could provide a basis for the morphological and compositional
differences that distinguish axons and dendrites from one another
(Black and Baas, 1989). Most efforts to understand how cells
regulate their microtubule arrays have focused on dynamic events
such as microtubule assembly, disassembly, and stabilization.
However, it is now clear that cells have another powerful strategy
for organizing their microtubules. Specifically, motor proteins can
generate forces on microtubules, and thereby move them into
specific locations within the cell and into specific orientations.
This strategy is particularly important in cells such as neurons
that must establish and regulate arrays of microtubules in loca-
tions far from their nucleation sites within the cell body. Recent
studies suggest that microtubules are transported into axons and
dendrites with the appropriate polarity orientations by the motor
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proteins known as cytoplasmic dynein and CHO1/MKLP1
(Sharp et al., 1997; Ferhat et al., 1998b; Ahmad et al., 1998).

Might other motor proteins generate forces on microtubules in
the neuron, and if so, might such forces be relevant to axonal and
dendritic differentiation? It is compelling to contemplate that the
growth of a neuronal process might be modulated by antagonistic
and complementary forces generated by a variety of motor pro-
teins. Precedent for this scenario derives from the mitotic spindle,
the formation and functioning of which involve a host of motor
proteins that impose such forces on specific regions of the micro-
tubule array (for review, see Walczak and Mitchison, 1996). In
fact, the two motor proteins thus far implicated in the transport of
neuronal microtubules, cytoplasmic dynein and CHO1/MKLP1,
are known to play key roles in organizing microtubules during
mitosis (Nislow et al., 1992; Heald et al., 1996).

Here we sought to determine whether postmitotic neurons
express a homolog of the kinesin-related protein known as Eg5.
This motor and related members of the bimC family are critical
for generating forces on microtubules that separate the duplicated
centrosomes or spindle poles early in prophase (Enos and Morris,
1990; LeGuellec et al., 1991; Hoyt et al., 1992; Roof et al., 1992;
Hagan and Yanagida, 1992; Sawin et al., 1992, Sawin and Mitchi-
son, 1995; Blangy et al., 1995; Barton et al., 1995). In addition,
these motors may help organize the bipolar spindle later in
mitosis by providing counterforces to those generated by cyto-
plasmic dynein (Gaglio et al., 1996). Our studies demonstrate that
rodent neurons express a homolog of Eg5 well past their terminal
mitotic division, and that this protein is localized in discrete and
functionally important regions of developing neuronal processes.

MATERIALS AND METHODS

cDNA library screening. A cDNA library constructed by H. Okayama
(unpublished data) using mRNA from MCA16 cells (C3H10T1/2 mouse
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cells transformed by 3-methylcholanthrene; Shih et al., 1979) was
screened with a *?P-labeled 782 bp PCR fragment (10° cpm/ml) coding
for the motor domain of HsEg5 (human Eg5; nt 327-1109, accession
number X85137; Blangy et al., 1995). A total of 1.5 X 10° colonies were
transferred to nitrocellulose filters (Schleicher and Schuell, Keene, NH)
and hybridized at 60°C for 24 hr in a hybridization buffer (6X SSC, 0.5X
Denhardt’s solution, 0.1% SDS). Filters were washed four times at 60°C
for 15 min in a solution containing 6X SSC and 0.5% SDS. Positive
colonies were purified, and inserts were subcloned into pBluescript KS+
plasmid (Stratagene, La Jolla, CA). The remaining 120 bp at the 5" end of
the cDNA were obtained with a RT-PCR-based method using mRNA from
mouse L cells primed with 5’ primer (5'-ATCTCGAGAACCATG-
GCGTCCCAGCCGAGTTC-3') derived from genomic sequences and the
3" primer (5'-CTCAACAATTTGTTCCTCCTG-3") derived from cDNA
sequence corresponding to amino acids (aa) 414-420. Nucleotide se-
quence determination was performed by the dideoxy chain termination
method, using specific oligonucleotides as primers. Sequence data treat-
ment was performed using computer facilities at the Pole de Bioinfor-
matique de Villejuif (Dessen et al., 1990). The cDNA nucleotide se-
quence encoding mouse Eg5 (termed MmEgS, Mus musculus) reported
in this paper has been submitted to the European Molecular Biology
Laboratory/GenBank data bank under accession number AJ223293.

Recombinant vector constructions. The Xhol fragment of the longest
c¢DNA clone was inserted into pBluescript KS+ plasmid (Stratagene) at
the Sall site (pBSEg5). Plasmid pBSEgSS containing the stalk domain
and part of the tail (aa 349-881) of MmEg5 was obtained by digestion of
pBSEg5 by EcoRI and Bgl/II restriction enzymes and religated. For
removal of the 3" UTR containing repetitive sequences, the plasmid
pBSEg5S was digested by EcoRV and Xhol and religated pBSEg5S(-R).
For Northern blot analyses, the double-stranded, 1.6 kb-purified cDNA
insert encoding the stalk domain and part of the tail, obtained by
digestion of pBSEg5S9(-R) with Xbal and Apal restriction enzymes, was
labeled with [a-*?P]dCTP as described below.

mRNA isolation and Northern blot analyses. Total RNA from mouse
whole embryos at embryonic day 10.5 (E10.5), E11.5, E13.5, and E15.5
and from mouse brains at postnatal day 0 (P0), P7, P14, P21, and adult,
respectively, was purified by the Trizol (Life Technologies, Grand Island,
NY) extraction method as described in the manufacturer’s protocol.
After isopropanol RNA precipitation, pellets were washed with 75%
ethanol and resuspended in diethylpyrocarbonate-treated water. Ali-
quots of the RNA were used for quantification by optical density scan-
ning (210-320 nm), and the integrity of the extracted RNA was confirmed
by running 2 ug total RNA on a denaturing (formaldehyde 2.2 M) agarose
gel (1%) in 1X MAE buffer (in mm: 20 4-morpholinepropanesulfonic acid,
pH 7.0, and 8 sodium acetate, 1 EDTA, pH 8.0). For Northern blot
analysis, RNA (30 ug/lane) was separated on a 1% agarose formalde-
hyde gel and capillary-transferred with 10X SSC onto noncharged nylon
membrane (Micron Separations, Inc., Westborough, MA). The 1.6 kb
Eg5 cDNA probe described above was labeled with [a-**P]dCTP to >10°
cpm per pg of DNA using klenow enzyme and a random hexanucleotide
kit (Promega, Madison, WI). The blots were hybridized using 2.5 X 10°
cpm/ml labeled probe in QuickHyb (Stratagene) according to the man-
ufacturer’s protocol. The blots were washed with 2X SSC, 0.1% SDS at
room temperature for 10 min (twice), and then at high stringency at 68°C
with 0.1X SSC, 0.1% SDS for 15 min (twice), as recommended in the
manufacturer’s protocol. Finally, the washed membranes were directly
exposed at —70°C to X-Omat AR film (Eastman Kodak, Rochester, NY)
with two intensifying screens for 7 d.

Animal dissection and tissue preparation. For all of the studies presented
here, we used samples obtained from rodents. For the studies on MmEg5
expression in vivo, we used mice because the clone was isolated from
mouse cells (Shih et al., 1979). We reasoned that using mice would
optimize the signal-to-noise ratio in the in situ hybridization analyses.
For the studies on prenatal animals, pregnant mice were euthanized, and
embryos were removed by caesarean section on E10.5, E11.5, E13.5, or
E15.5. Postnatal studies were performed on animals at ages PO, P7, P14,
P21, and adult (ad). The whole embryos were rapidly removed and
dissected from the amniotic membrane in ice-cold 1X PBS, pH 7.4, and
fixed overnight at 4°C in freshly prepared cold 4% paraformaldehyde
(PFA). The embryos were then rinsed in 1X PBS, dehydrated through an
ascending ethanol series, embedded in paraffin (Paraplast; Oxford Lab-
ware, St. Louis, MO), and stored at room temperature. The postnatal
animals (from PO pups to adult) were decapitated, and their brains were
rapidly removed and treated as described above and then stored at room
temperature until needed. Sagittal sections (6 wm) of the whole embryos

J. Neurosci., October 1, 1998, 18(19):7822-7835 7823

and brains of PO pups to adults were cut, mounted onto gelatin-coated
slides, and then kept desiccated at room temperature until used.

Cell cultures. For most of our studies on cultured neurons, we obtained
the neuronal tissue from rats, because cultures of rat hippocampal and
sympathetic neurons are well characterized, and also our studies showed
sufficient cross-reactivity of cultured rat neurons with the mouse probe
and the affinity-purified polyclonal antibody against the motor domain of
HsEg5 described below to provide good signal-to-noise ratio. Cultures of
embryonic rat hippocampal neurons were prepared as previously de-
scribed (Goslin and Banker, 1991; Sharp et al., 1995). Briefly, hippocampi
were dissected from 18 d rat embryos, treated with trypsin for 15 min at
37°C, and triturated with fire-polished Pasteur pipettes. The cells were
plated at a density of 1000 cells/cm? onto glass coverslips coated with 1
mg/ml poly-D-lysine in Minimum Essential Medium (MEM, Life Tech-
nologies) containing 10% horse serum. After 2-4 hr, the coverslips
plated with neurons were cocultured into plastic tissue-culture dishes
containing a monolayer of astroglial cells. The astroglial cells had been
grown in medium containing MEM and 10% fetal bovine serum. One
day before coculture, the medium was changed to a fresh medium
containing MEM, the N2 supplements described by Bottenstein (Goslin
and Banker, 1991), 0.1% ovalbumin, and 0.01 mg/ml sodium pyruvate.

Cultures of sympathetic neurons from the superior cervical ganglia
were prepared from newborn rat pups. After dissection, the ganglia were
treated with 0.25% collagenase for 1 hr followed by 0.25% trypsin for 45
min, and then triturated with fire-polished Pasteur pipettes into a single
cell dispersion as previously described (Baas and Ahmad, 1993). Before
plating the cells, the glass coverslips were coated for 3 hr with 1 mg/ml
poly-D-lysine, rinsed extensively, and then treated with 10 ug/ml laminin
for 4 hr as described by Higgins et al. (1991). Cells were then plated in
Leibovitz’s L15 medium (Sigma, St. Louis, MO) supplemented with
0.6% glucose, 2 mm L-glutamine, 100 U/ml penicillin, 100 pg/ml strep-
tomycin, 10% fetal bovine serum, and 100 pg/ml nerve growth factor for
24 hr. For long-term culture, the medium was replaced the next morning
by N2 medium (Baas and Ahmad, 1993) supplemented with 5% fetal
bovine serum and 100 ng/ml nerve growth factor. Cytosine arabinoside
was added at 10 uMm to reduce the proliferation of non-neuronal cells.

For one set of studies, primary neuron cultures were generated from
hamster cerebral cortex. The methods for generating these cultures have
been described in detail (Szebenyi et al., 1998).

Cultures of mouse neuroblastoma cells (N2a) and human HeLa cells
were maintained as previously described (Blangy et al., 1995; Yu et al.,
1997).

In situ hybridization probes. In vitro transcription of **S-UTP- or
digoxigenin-UTP-labeled MmEg5 riboprobes was performed from lin-
earized pBSEg5S(-R) plasmids using an Ambion (Austin, TX) or Boehr-
inger Mannheim (Indianapolis, IN) in vitro transcription kit, respectively,
according to each manufacturer’s protocol. The sense and antisense
riboprobes were prepared from the 1.6 kb mouse cDNA fragment cloned
into pBSEg5S(-R) vector described above flanked by T3 and T7 promot-
ers. The sense riboprobes (radioactive and nonradioactive) were tran-
scribed in vitro from an Apal linearized plasmid using T7 RNA polymer-
ase purchased from Ambion and Boehringer Mannheim, respectively.
The antisense riboprobes (radioactive and nonradioactive) were tran-
scribed from a Xbal linearized plasmid using T3 RNA polymerase
(Ambion).

In situ hybridization on brain sections. In situ hybridization was per-
formed by a modification of the protocol of Lyons et al. (1996). Briefly,
sections were deparaffinized in xylene, rehydrated through a descending
ethanol series, fixed in 4% PFA in 1X PBS for 15 min, rinsed in 1X PBS,
and treated with proteinase K (20 mg/ml, Boehringer Mannheim) for 7.5
min at room temperature. After post-fixation with 4% PFA for 5 min,
acetylation in triethanolamine for 10 min, dehydration in 30, 50, 70, 85,
95, and 100% ethanol, and delipidation in chloroform for 5 min, the
sections were prehybridized for 2 hr in 4X SSC buffer containing 50%
formamide, 1X Denhardt’s solution, 300 wg/ml yeast RNA, 300 pg/ml
salmon sperm DNA, and 100 mM dithiothreitol (DTT). The sections
were hybridized with 5 X 10° cpm/100 ul of the antisense or sense
riboprobe overnight at 50°C. The tissue was then rinsed three times in 2X
SSC for 15 min at room temperature, treated with 20 pug/ml RNase A
(Boehringer Mannheim), and finally washed in increasingly stringent
conditions up to 0.1X SSC at 60°C for 30 min. All rinse and wash buffers
contained 0.25 gm/ml sodium thiosulfate. The sections were processed
for both film (Hyperfilm-Bmax; Amersham, Arlington Heights, IL) and
emulsion autoradiography (NTB2, Eastman Kodak), with exposure
times of 30 d and 8 weeks, respectively. After development of emulsion
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Figure 1. Cloning and characterization of Eg5 in mouse cells (MmEg5). 4, Alignment of MmEg5 and HsEg5 protein sequences. Amino acids are shown
using the single-letter code. The human sequence (Blangy et al., 1995) is shown only when it differs from the mouse sequence. Identities are indicated
by dashes, and conservative substitutions (T/S, E/N/D/Q, K/R, Y/F/W, L/V/1/M) are shown by dots. The amino-terminal domain contains the consensus
motifs that are normally found in motor domains of kinesin-related proteins, including YGQTXXGK(T/S), NXXSSRSH, (Figure legend continues)
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autoradiograms, the sections were counterstained with cresyl violet and
mounted with Permount. In the case of the film autoradiography, pho-
tographs were digitized by scanning the films. In the case of the emulsion
autoradiography, photomicrographs were taken with a Zeiss Axiophot
(Carl Zeiss Incorporated, Thornwood, NY) microscope equipped with
dark-field illumination. Hybridization of adjacent sections with the sense
riboprobe was used as a control.

In situ hybridization on primary neuron cultures. In situ hybridization
was performed on cultured hippocampal and sympathetic neurons that
had been grown on glass coverslips. The cells were fixed for 15 min at
room temperature in 4% PFA in 1X PBS and dehydrated in graded
alcohols (30, 50, 70, 85, 95, and 100%), after which they were hybridized
with antisense or sense riboprobes that had been either radioactively or
digoxygenin-labeled. In the case of the radioactively labeled probes,
hybridization was performed overnight at 50°C with the same hybridiza-
tion mixture described above using 5 X 10° ¢pm/100 ul of the sense or
antisense riboprobe. Subseqent steps and visualization of the radioactive
signal were performed as previously described (Ferhat et al., 1997,
1998a,b). In the case of the digoxygenin-labeled probes, hybridization
was performed overnight at 50°C with the same hybridization using 7.5
ng/100 ul of the sense or antisense riboprobe. After hybridization, cells
were rinsed, treated with RNase and then subjected to high stringency
washes as described above. The cells were then washed twice for 10 min
each in Tris-HCI1 buffer (100 mm Tris-HCI, pH 7.4, and 150 mMm NacCl).
After exposure for 30 min to a blocking solution containing 0.1% Triton
X-100 and 2% normal sheep serum (Sigma) in Tris-HCI buffer, the cells
were incubated overnight at 4°C with sheep antidigoxigenin alkaline
phosphatase antibody (Boehringer Mannheim) diluted 1:1000 in block-
ing buffer. The coverslips were rinsed twice for 10 min in Tris-HCI buffer
and then exposed for 10 min to color development buffer (in mm: 100
Tris-HCI, pH 9.5, 100 NaCl, and 50 MgCl,), after which they were
incubated with Tris-HCI buffer substrate solution (100 mm Tris-HCI, pH
9.5, and 50 mm MgCl,) containing nitro-blue tetrazolium (NBT, 340
png/ml) and bromochloroindolylyl phosphate (BCIP, 170 ug/ml). For
reduction of the endogenous phosphatase activity, 5 mm levamisole was
added to the color development buffer. The color signal was monitored
by microscopy, and the reaction was stopped when a strong cellular signal
was developed against a low background. After transferring them to
buffer containing 10 mm Tris-HCI, pH 8.0, and 1 mm EDTA, the
coverslips were washed twice for 10 min in distilled water, air-dried, and
mounted in mounting aqueous solution. Cells were visualized, and
photographs were taken using bright-field microscopy to reveal the red-
dish alkaline-phosphate reaction product.

Affinity purification of anti-Eg5 antibodies. An EcoRI-BglIl cDNA
restriction fragment of 494 bp encoding 161 amino acid residues (17.9
kDa) of HsEg5 amino-terminal region was cloned downstream from the
trpE gene into the EcoRI-BamHI of the pATHI10 expression vector
(Koerner et al., 1991). The Eg5 fusion protein was resolved by SDS-
PAGE, purified, and injected into New Zealand white rabbits. Affinity-
purified Eg5 motor antibodies were obtained by elution of Igs bound to
the MalE-HsEg5 fusion protein. In brief, the MalE-HsEg5 fusion
protein was resolved by SDS-PAGE and transferred to an Immobilon P
filter (Millipore, Bedford, MA). The strip of Immobilon P filter that
carried the HsEg5 protein was incubated with the polyclonal antibody for
16 hr at 4°C. After an extensive washing step, Igs bound to the protein
were recovered by brief treatment with 0.1 M glycine, pH 2.8, followed by
rapid neutralization with 0.1 volume of 1 M Tris-HCI, pH 8. The antibody
was stored at 4°C after addition of 5 mg of bovine serum albumin per
milliliter (Sambrook et al., 1989).

Preparation of protein samples for Western blotting. Cultures were
washed three times with 1X PBS, scraped, and homogenized at 4°C in (in
mM:) 50 Tris-HCI, pH 7.5, 250 NaCl, 0.1% NP40, and 5 EDTA with 1
PMSF and 10 pg/ml each of aprotinin and leupeptin. Samples were
centrifuged at 15,000 X g for 20 min at 4°C. Extracts were clarified by
centrifugation at 15,000 X g for 30 min. Finally, protein concentrations
of cultures and tissues extracts were determined by the DC protein assay
(Bio-Rad, Hercules, CA) according to the manufacturer’s protocol.

«
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SDS-PAGE and Western blotting. The protein samples were boiled for
10 min, and the same amounts were loaded into each well and resolved
on 8% SDS-polyacrylamide gels. After electrophoresis, the proteins
were transferred to nitrocellulose membranes (Micron Separations, Inc.).
Blots were blocked with 5% nonfat dried milk and 0.2% Tween 20 in 1X
PBS (PBS-milk) for 3 hr at room temperature and incubated overnight
at 4°C in the Eg5 antibody described above at 1:1000 in PBS-milk. The
membranes were washed six times for 15 min each with a solution
containing 1X PBS and 0.1% Tween 20, incubated with horseradish
peroxidase goat anti-rabbit Ig at 1/2500 in PBS-milk for 2 hr at room
temperature, washed, and immunodetected using the enhanced chemi-
luminescence system (ECL; Amersham).

Immunofluorescence microscopy. For immunofluorescence analyses,
the cultures were fixed for 6 min in cold methanol (—20°C), rehydrated
three times for 5 min each in 1X PBS, and incubated for 30 min in
blocking solution containing 5% normal goat serum in 1X PBS. The cells
were then exposed overnight at 4°C to a mouse monoclonal antibody that
specifically recognizes p-tubulin (used at 1:500; Amersham), a mouse
monoclonal antibody that specifically recognizes a poorly phosphorylated
neurofilament protein enriched in the somatodendritic domain of the
neuron (RMDOJY.6, used at 1:500, provided as a kind gift from Dr. V.
Lee, Philadelphia, PA), or to the human polyclonal Eg5 antibody de-
scribed above (used at 1:500). The cells were washed extensively in 1X
PBS and incubated either with an FITC anti-mouse second antibody or
with a combination of a biotinylated anti-rabbit secondary antibody
followed by streptavidin-conjugated with Cy3. Fluorescent second anti-
bodies and probes were purchased from Jackson ImmunoResearch (West
Grove, PA). Double-immunostaining for tubulin and Eg5 or neurofila-
ment and Eg5 were performed using appropriate combinations of the
antibodies listed above. After washes in 1X PBS, cells were mounted in
a medium that reduces photobleaching, and were then viewed with a
confocal microscope (LSM 410, Carl Zeiss).

RESULTS

Isolation and DNA sequence analysis of mouse Eg5

To isolate the mouse Eg5 gene, we screened a cDNA library from
MCAL16 cells using as a probe a cDNA fragment corresponding to
the amino-terminal motor domain of human Eg5 (see Materials
and Methods). Two positive clones were isolated, and the corre-
sponding insert of the longest clone (4412 nt) was subcloned in
plasmid vectors and subjected to DNA sequence analysis. The
sequence of the longest cDNA contains a single open reading
frame encoding a polypeptide of 1014 amino acids. This cDNA
lacks the 5’ end sequence. To complete the sequence, we per-
formed RT-PCR using specific oligonucleotides as primers (for
details, see Materials and Methods). Figure 14 shows the com-
parison of the MmEg5-predicted protein sequence with the
HsEg5-predicted protein sequence (Blangy et al., 1995). The
predicted sequences of the mouse and human proteins are 80%
identical and 87% similar, and show greatest homology within
their amino-terminal domains. However, appreciable sequence
conservation is also found within other domains of the molecules,
as shown in Figure 1B, suggesting that the two proteins are
functional homologs. MmEg5 also shows considerable homology
with Xenopus Eg5, but less so compared with human Eg5. The
predicted sequences between mouse and Xenopus are 56% iden-
tical and 71% similar, with most of the additional divergence
appearing within the C-terminal regions of the molecule. Using
the method of Lupas et al. (1991), we determined that amino acid
residues 325-440, 451-480, and 625-653 of MmEg5 should form

and DLAGXE (boxes). Vertical bars mark the boundaries of the motor, link, stalk, and tail domains. Another group has recently published partial
sequence information from the N-terminal region of MmEg5 that is almost identical to ours but contains a small number of nucleotide differences that
result in six amino acid substitutions and one additional amino acid (Nakagawa et al., 1997). The asterisk indicates threonine (7'), a site that can be
phosphorylated presumably by cdc2 kinase. The consensus motifs of kinesin-like proteins are boxed, and the leucine zipper motif is underlined. B,
Diagram showing the homologies (similar/identical amino acids) in different domains of MmEg5 and HsEg5. BESTFIT was used to find the best
segments of similarities between the two sequences (Devereux et al., 1984). C, Coiled coil structure predicted by the algorithm of Lupas et al. (1991).
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an extensive coiled coil conformation (probability >50%, Fig.
1C). The amino-terminal domain contains the consensus motifs
that are normally found in motor domains of kinesin-related
proteins, including YGQTXXGK(T/S), NXXSSRSH, and
DLAGXE (Fig. 14), indicating that this domain is responsible
for force generation against microtubules, as is the case with Eg5
homologs from other species. The central a-helical region con-
tains leucine zipper motifs at amino acid residues 408-436, which
are probably involved in the association of MmEg5 molecules into
complexes. The C-terminal domain contains a cdc2 consensus site
corresponding to Thr(887). Such a site has been shown to be
essential for the interaction of the motor with microtubules in
both Xenopus (Sawin and Mitchison, 1995) and human (Blangy et
al., 1995).

Expression of Eg5 in tissues of the mouse determined
by Northern blot and in situ hybridization

Having obtained the above sequence information, our next goal
was to determine whether MmEgS is expressed only in cells
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Figure 2. Expression of MmEg5 mRNAs in mouse tissues and cultured cells determined by Northern blot analyses. Total RNA (30 ug/lane) isolated
from whole embryo at E10.5, E11.5, E13.5, E15.5 (4, lanes 1-4), from small intestine at PO and adult (lanes 5, 6), from whole brain at PO, P7, P14, P21,
and adult (B, lanes 2-6), and from cultured mouse neuroblastoma cells (used as a positive control; A, lane 7) was electrophoresed in a formaldehyde 1%
agarose gel, transferred to a nylon membrane, and then probed with radioactively labeled MmEg5 cDNA (see Materials and Methods). The transcripts
(5.0, 5.6, and 6.5 kb) detected in whole embryo, small intestine, and whole brain were identical in size to those found in neuroblastoma cells. The
histograms A" and B’ show the changes in the levels of Eg5 mRNAs in different tissues during their development.

undergoing mitosis or alternatively, whether it is also expressed in
differentiated cells such as neurons. To investigate this issue we
first used Northern blot analyses to study Eg5 expression in
mouse whole embryos at E10.5, E11.5, E13.5, E15.5, and mouse
brain at PO, P7, P14, P21, and adult. Tissue from the small
intestine was also analyzed at PO and adult. As a positive control,
we used mitotic mouse neuroblastoma cells during their expo-
nential growth phase in culture. Cultured human HeLa cells were
used as a negative control because under high stringency condi-
tions we would not expect the MmEg5 probe to cross-hybridize
with the human sequence. Equal amounts (30 pg) of total RNA
were loaded per lane. When these RNAs were hybridized with
the cDNA probe for MmEg5 (see Materials and Methods), we
observed three transcripts (5.0 kb, 5.6 kb, and 6.5 kb) in the whole
embryos at all stages of brain development, in the PO intestine,
and in the neuroblastoma cells (see Fig. 24,B). Quantitative
analyses indicate that the three transcripts are roughly equally
expressed in all samples studied, although slight variations were
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observed in some cases (Fig. 24’,B"). During the development of
the whole embryo and the brain these transcripts were downregu-
lated (Figs. 24',B"). A similar downregulation of expression was
observed in the case of other structures such as the developing
small intestine (Fig. 24"). These transcripts may represent alter-
native splicing, different 5’,3’-untranslated regions, or different
poly (A ™) signals used in protein synthesis. However, the multi-
ple transcripts could not be the result of multiple Eg5 genes, given
that Southern blot analyses demonstrate the presence of only one
Eg5 gene in the mouse and human (M. Kress, unpublished data).
As expected based on sequence divergence in the stalk and tail
regions of the molecule, no transcripts were visualized in HeLa
cells using the MmEg5 probe. However, three transcripts with a
similar pattern have been detected in HeLa cells using a probe
specific to the human Eg5 sequence (M. Kress, unpublished data).

Having established the presence of Eg5 transcripts in mouse
tissues, we next used in situ hybridization to study the regional
and cellular distribution of Eg5 mRNA in developing mouse
tissues. For these analyses, we used sense and antisense ribo-
probes that were synthesized from the same 1.6 kb MmEg5
cDNA fragment described above. The specificity of the MmEg5
antisense riboprobe was first assessed in analyses on neuroblas-
toma cells used as a positive control and HeLa cells used as a
negative control. In neuroblastoma cells, hybridization signal was
observed both during interphase and mitosis, but was clearly
higher in dividing cells (Fig. 34). Consistent with the specificity
of the antisense probe, hybridization signal was barely detectable
within the HeLa cells, with levels no higher than the very low
background detected in neuroblastoma (Fig. 3B) and HeLa cells
using the sense riboprobe. Figure 3C shows an embryo at E15.5
hybridized with the antisense riboprobe. Prominent signal was
detected in structures including the submandibular gland, epithe-
lium surrounding the eye (better visualized in other sections), the
liver, kidney, lung, thymus gland, cartilage primordium of the
body of the hyoid bone, and the gut. Emulsion analyses indicate
that the hybridization signal is present in postmitotic cells, such as
the smooth muscle cells of the gut, as well as in mitotic cells, such
as the mucosal cells of the gut (data not shown). Lower levels of
signal were detected in structures such as the tongue, the heart,
and the epithelium of the hindlimbs. Hybridization of sagittal
sections of whole embryo E15.5 (and all other ages) with the
sense riboprobe resulted in only background labeling with low
density and equal grain distribution over the embryo (Fig. 3D).
Consistent with the results of the Northern blot analyses on whole
brain, MmEg5 mRNAs are also strongly expressed in CNS struc-
tures such as the E15.5 epithalamus (Fig. 3E) and cerebral cortex
(Fig. 3E,F) but their expression is downregulated during devel-
opment. By P7, the signal is low within the hippocampus, but is
high within the cerebellum and the olfactory bulb (Fig. 3G). At
P21 and in the adult, the signal is low throughout most of the
brain (Fig. 3H,I). In the adult, detectable signal is again visible
within the olfactory bulb (Fig. 37). No such signal was apparent
with the sense control (Fig. 3J). These patterns of expression are
consistent with the different temporal patterns of development of
these various brain structures and the fact that neurons within the
olfactory bulb remain plastic even in the adult.

We next explored the expression of MmEg5 mRNAs in devel-
oping cells of the CNS. One possibility is that the expression and
downregulation of these mRNAs relate to the mitotic divisions of
undifferentiated neuroblasts rather than terminally postmitotic
neurons. Another possibility is that developing neurons continue
to express MmEg5 mRNAs after their terminal mitotic division.
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As a first measure toward exploring this issue, we focused our
attention on the laminar structure of the developing cerebellum.
The external granular layer contains mitotic neuroblasts that
gradually become postmitotic. Then, these postmitotic neurons
migrate into the internal granular layer in which they continue to
differentiate (Hatten et al., 1997). Analyses of sections exposed to
emulsion indicate that in the P7 cerebellum, the external granule
cells are highly labeled by the MmEg5 probe and that cells of the
internal granular layer are labeled as well (Fig. 3K). Although the
labeling in the external granular layer might reflect the residual
mitotic activity of some of these cells, it is unlikely that the
labeling in the internal granular layer can be attributed to such
activity. Thus, these observations suggest that postmitotic neu-
rons continue to express MmEgS5 as they differentiate.

Expression of Eg5 in neuronal cultures determined by
in situ hybridization

To confirm that Eg5 is expressed in postmitotic neurons as well as
in dividing neuroblasts, we performed in situ hybridization anal-
yses on two well characterized culture systems of terminally
postmitotic neurons, one from the central and one from the
peripheral nervous system. Hippocampal and sympathetic neu-
rons were obtained from rat fetuses and newborn rat pups at
times when most of them had completed their terminal mitotic
division (Goslin and Banker, 1991; Higgins et al., 1991). In situ
hybridization was performed using both radioactively labeled
probes and probes labeled with digoxygenin. Sympathetic neu-
rons form axons within the first few hours in culture and dendrites
within the first few days. The mRNAs encoding MmEg5 were
expressed in sympathetic neurons at 1 d (Fig. 44), 3 d (Fig. 4B),
and 7 d (Fig. 4C) but were not detected at 14 d (Fig. 4D). At 1d,
most cells displayed high levels of expression. At 3 d, all of the
cells exhibited their highest levels of expression. At 7 d, expres-
sion levels were lower than at 1 or 3 d. At 14 d, the signal was
significantly decreased and was no higher than the low back-
ground signal obtained with the sense riboprobe at all time points
(Fig. 4E).

The hippocampal cultures are useful for developmental studies
because they differentiate axons and dendrites in a well charac-
terized sequence of stages that presumably reflects their in vivo
development (Dotti et al., 1988). The cells initially extend lamel-
lipodia (stage 1) which coalesce into immature processes within a
few hours after plating (stage 2). One of these immature pro-
cesses becomes the axon by 1.5 d in culture (stage 3), after which
those remaining differentiate into dendrites by 3—-4 d in culture
(stage 4). By 1 week, the neurons have developed many mature
characteristics, such as the presence of dendritic sprouts (stage 5).
Hybridization signal for MmEg5 mRNAs was present at all of
these stages (data not shown). Levels varied from cell to cell at
stage 1, but were high in all cells at stage 2. At stage 3, stage 4, and
in some cells at stage 5, expression levels were substantially
decreased compared with those at stages 1 or 2. At stage 5, some
cells displayed levels of expression that were as high as those at
stages 1 or 2. Hybridization of neurons with the sense riboprobe
at all stages resulted only in low background labeling. These
results on cultured hippocampal and sympathetic cultures indi-
cate that neurons continue to express MmEg5 mRNAs well past
their terminal mitotic division. The fact that older hippocampal
but not sympathetic neurons express detectable levels of MmEg5
mRNAs may relate to the fact that hippocampal neurons are
more plastic later in development.
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Figure 3. Expression of MmEg5 mRNAs
in mouse tissues and cultured cells deter-
mined by in situ hybridization. 4 and B
show cultured mouse neuroblastoma cells
hybridized with the MmEg5 antisense and
sense riboprobes, respectively. Autoradio-
graphs C and D are representative of the
hybridization  pattern obtained with
MmEg5 antisense and sense riboprobes, re-
spectively, at E15.5. Hybridization signal
was detected within the submandibular sal-
ivary gland (sg), cartilage primordium of the
body of the hyoid bone (cb), thymus gland
(tg), liver (I), gut (g), heart (%), tongue (1),
kidney (k), lung (/u), and epithelial cells of
the hindlimbs (4/). Shown in E and F, re-
spectively, are a film autoradiograph and
corresponding dark-field illumination of a
transverse section of the cerebral cortex
(Cx) at E15.5 obtained with the MmEg5
antisense riboprobe. Et indicates epithala-
mus, and SVZ indicates subventricular
zone. LV indicates lateral ventricle. Auto-
radiographs G-I are representative of the
hybridization patterns obtained with
MmEg5 antisense riboprobe at P7, P21, and
adult mouse brain (Ad), respectively. Cb,
cerebellum; Hip, hippocampus; Ob, olfac-
tory bulb. Autoradiograph J is representa-
tive of the adult mouse brain hybridization
pattern obtained with MmEgS sense ribo-
probe. K, Dark-field illumination of the cer-
ebellum hybridized for MmEg5 at P7. At
P7, the external granular cell layer (eg/) and
the internal granular cell layer (ig/) are la-
beled. Scale bar: 4, B, 6 um; C, D, 0.3 cm; E,
0.1 cm; F-K, 0.2 cm.

Identification of MmEg5 protein in neurons

Western blot analyses were performed on samples extracted from
cultured sympathetic neurons at 3 d because the levels of mRNAs
for Eg5 were highest at this stage of development (Fig. 5). These
analyses were performed using an affinity-purified polyclonal
antibody raised against a region of the motor domain of HsEg5
that is highly conserved in MmEg5 (see Materials and Methods).
HeLa cells, used as a positive control, showed a single major band
at 135 kDa when 10 ug of total protein were loaded (data not
shown), and an additional minor band of 130 kDa when at least 50
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png were loaded. Similar results have been obtained with a poly-
clonal antibody against the tail region of HsEg5 (Blangy et al.,
1995; M. Kress, unpublished data). We also obtained similar
results with the polyclonal antibody against the motor domain in
studies on chinese hamster ovary (CHO) cells. Cultured neuro-
blastoma cells showed the same major 135 kDa band when 50 ug
of total protein were loaded. At 3 d in culture, the sympathetic
neurons showed a comparable 135 kDa band. Overexposure of
the blots revealed an additional band at 93 kDa within the 3 d
cultures (data not shown). No bands were observed in control
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studies in which the primary antibody was deleted. These results
indicate that neurons express protein recognized by a polyclonal
antibody specific for Eg5.

Distribution of Eg5 protein in mitotic cells and
developing neurons

To further confirm the specificity of the polyclonal Eg5 antibody
in mouse cells, we performed immunofluorescence analyses on
the cultured neuroblastoma cells. The results of these analyses
were entirely similar to those obtained on HeLa cells using either
the tail polyclonal (Blangy et al., 1995) or the motor polyclonal
HsEg5 antibody (data not shown). Specifically, staining is low and
diffuse in the cytoplasm during interphase (Fig. 6, arrows), after
which it becomes concentrated in the region of the centrosomes
during their separation in prophase (Fig. 64) and in the half-
spindles near each centrosome during metaphase (Fig. 6 B). Then
during anaphase, the staining becomes weaker and more diffuse
(Fig. 6C), after which it localizes to the postmitotic bridges during
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Figure 4. Expression of Eg5 mRNAs
in cultured rat sympathetic neurons de-
termined by in situ hybridization. Cul-
tured sympathetic neurons were hy-
bridized with either the radioactive
(large panels) or with the digoxygenin-
labeled (small panels) antisense (A-D)
or sense (E) riboprobe for MmEgS5.
Sympathetic neurons were obtained
from superior cervical ganglia of new-
born rat pups and were grown for 1, 3,
7, and 14 d. In situ hybridization anal-
yses show that mRNAs encoding Eg5
were expressed at 1,3,and 7 d. At 14 d,
the hybridization signal was similar to
that detected at 3 d with the sense
riboprobe control. Note also that Eg5
mRNAs are downregulated during in
vitro development. Scale bar, 10 um.

telophase (Fig. 6 D). Thus immunofluorescence staining with the
polyclonal antibody results in a pattern consistent with its specific
recognition of the Eg5 protein.

At stage 1 of development, cultured hippocampal neurons show
Eg5 immunoreactivity within the cell body and lamellipodia (data
not shown). At stage 2, the protein is localized within the cell
body and within most of the immature processes (Fig. 74). Most
typically the protein was concentrated at the distal tips of the
processes, but sometimes along their lengths. At stage 3, the
protein is still present within the cell body and minor processes.
In some axons, the protein was no longer observed at the distal tip
of the early axon (Fig. 7B, arrow). In most cases, the protein was
observed at the distal tips of the early axon (Fig. 7C,D) and
within branches of the axons (Fig. 7D). At stage 4, protein levels
were significantly diminished throughout the neuron (Fig. 7E).
Very low levels of protein were sometimes detected at dendrite
tips (Fig. 7E, arrow). At stage 5, the protein levels in most cells
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Figure 5. Western blot analyses using a polyclonal antibody against Eg5
on extracts prepared from cultured cells. Western blot analyses were
performed on samples extracted from rat cultured sympathetic neurons
(SN) at 3 d using an affinity-purified polyclonal antibody raised against a
region of the motor domain of HsEg5 that is highly conserved in MmEgS5.
The mitotic form of the Eg5 protein focuses as a 135 kDa band in CHO,
HeLa, and neuroblastoma (N2a) cells, used as positive controls. HeLa
cells also show a minor 130 KDa band. The 135 kDa protein is also
expressed in postmitotic sympathetic neurons. Arrows indicate protein
ladder (Life Technologies).

Telophase

Figure 6. The polyclonal HsEg5 antibody recognizes MmEgS5 protein in
neuroblastoma cells. The polyclonal antibody generated from the
N-terminal motor region of the human Eg5 molecule reveals the same
distribution of Eg5 protein during different phases of mitosis in mouse
neuroblastoma cells as observed in HeLa cells with an antibody directed
against the tail region of HsEg5 (Blangy et al., 1995). Arrows indicate
interphase cells in various panels. Each panel also shows one or more cell
in a particular stage of mitosis. A, Prophase; B, Metaphase; C, Anaphase;
D, Telophase. Scale bar, 10 pwm.

were notably increased. Figure 8 shows three such cells double-
labeled with a B-tubulin antibody to reveal cellular morphology
(Fig. 84-C) and the polyclonal Eg5 antibody (Fig. 84'-C").
Figure 8, 4 and A’, shows a neuron early in stage 5 before the
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development of dendritic sprouts. Eg5 staining is apparent in the
distal tips of the dendrites. The remaining panels of the figure
show two neurons later in stage 5 after the development of
dendritic sprouts. Eg5 staining is concentrated within the sprouts.

Figure 94 shows cultured sympathetic neurons stained for Eg5
6 hr after plating. Immunoreactivity is localized within the cell
body, lamellipodia, and distal regions of developing processes.
Figure 9, B and B’, shows a neuron with longer axons from a 6 hr
culture double-labeled for B-tubulin to reveal cellular morphol-
ogy and Eg5, respectively. Eg5 is localized within the cell body
and distal tips of the axons. The remaining panels of the figure
show cells double-labeled with a neurofilament antibody to reveal
cellular morphology (Fig. 9C-E) and the polyclonal Eg5 antibody
(Fig. 9C'-E"). The neurofilament antibody recognizes a poorly
phosphorylated epitope that is enriched in cell bodies and den-
drites and, hence, is particularly useful for discerning dendrites
from axons. At 3 d, Eg5 is localized in the distal tips of the
dendrites (Fig. 9C,C"). Unlike the case with cultured hippocampal
neurons, the dendrites of cultured sympathetic neurons do not
branch as extensively and tend not to form sprouts later in
development. In the rare instances in which we were able to
observe a single short branch extending from a dendrite, Eg5
staining appeared within the branch (Fig. 9D,D"). At 7 d (data
not shown) and 14 d (Fig. 9E,E"), Eg5 was observed within the
cell body. Staining was also found along the length of the den-
drite, but this staining was weak and diffuse, and never enriched
in their distal tips.

Association of Eg5 with microtubules

The immunofluorescence images of the cultured rat hippocampal
and sympathetic neurons do not provide sufficient resolution to
determine whether Eg5 is directly associated with microtubules in
the distal regions of neuronal processes. To obtain better resolu-
tion, we performed double-label immunostain analyses for tubu-
lin and Eg5 on cultured hamster cortical neurons, which we have
found to generate unusually broad growth cones with splayed
microtubules. Figure 10 shows two examples of the distal regions
of developing axons. Eg5 immunostaining is concentrated in the
most distal region of the growth cone (Fig. 104',B") and shows
colocalization with a subpopulation of the microtubule polymer
(Fig. 104,B).

DISCUSSION

The organization of microtubule arrays within living cells cannot
be explained entirely by the association of individual microtu-
bules with their sites of nucleation. Recent studies have identified
some of the molecular mechanisms by which microtubules are
organized into a bipolar spindle in mitotic cells. These studies
demonstrate that microtubules are organized by forces generated
by a variety of molecular motor proteins that are expressed during
mitosis. We have proposed that the microtubule arrays of the
postmitotic neuron are established by forces generated by the
same or closely motor proteins. Studies from our laboratory have
shown that cytoplasmic dynein, a multifunctional motor required
for spindle formation, is also important for organizing microtu-
bules in developing neuronal processes (Ahmad et al., 1998).
Other studies from our laboratory have shown that CHO1/
MKLPI, which is thought to generate forces against oppositely
oriented microtubules in the spindle midzone, is essential for
establishing the nonuniform microtubule polarity pattern of de-
veloping dendrites (Sharp et al., 1997; Yu et al., 1997; Ferhat et
al., 1998b). Microtubule organization in the mitotic spindle re-
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quires additional forces to those generated by cytoplasmic dynein
and CHO1/MKLP1, and it seems reasonable that this may also
be the case in the postmitotic neuron.

In the present study, we sought to determine whether rodent
neurons express a homolog of Eg5, a member of the bimC family
of kinesin-related motors known to be essential for mitotic spin-
dle formation. We cloned from mitotic cells a cDNA encoding the
mouse homolog, which we have called MmEg5. The sequence
shares homology with other members of the BimC family, which
have been isolated from widely divergent organisms from yeast to
humans. These homologs share 50—-60% identity within the mo-
tor domain and relatively little homology elsewhere in the mole-
cule. Indeed, the deduced amino acid MmEg5 sequence is 80%
identical to that of the HsEg5 sequence derived from HeLa cells
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Figure 7. Immunofluorescence analyses
on the distribution of Eg5 in cultured rat
hippocampal neurons at early stages of de-
velopment. At stage 2 (A), the protein is
localized within cell bodies and within most
minor processes. Most typically, it is
present at the tips of the minor processes,
but sometimes along their lengths. At stage
3, the protein is still present within the cell
body and minor processes. In some axons,
the protein was no longer observed at the
distal tip of the process (B, arrow). In most
cases, the protein was observed at the distal
tips of the early axon (C, D) and within
branches of the axons (D). At stage 4 (E),
protein levels were significantly diminished
throughout the neuron. Very low levels of
protein were sometimes detected at den-
drite tips (arrow). Scale bar, 10 wm.

(Blangy et al., 1995). In addition, MmEg5 localizes to the same
regions of the mitotic spindle as its homologs, suggesting identical
functions. We have documented that Eg5 is also expressed within
developing neurons well past their terminal mitotic division.
Northern blot analyses revealed similar transcripts in both mitotic
cells and nervous tissue, and in situ hybridization analyses con-
firmed the presence of Eg5 mRNAs in postmitotic neurons.
Western blot analyses also showed a similar polypeptide in mi-
totic cells and postmitotic neurons. Samples obtained from
mouse, rat, and hamster all showed good cross-reactivity and
cross-hybridization with the available probes.

It has been suggested that all of the motor proteins expressed
in postmitotic neurons are involved in the transport of membra-
nous organelles rather than of microtubules (Hirokawa, 1997).
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Figure 8. Immunofluorescence analyses on
the distribution of Eg5 in cultured rat hip-
pocampal neurons at stage 5 of development.
Shown are stage 5 hippocampal -cultures
double-immunostained for B-tubulin in A-C to
reveal cellular morphology and in A'-C’" to
show Eg5 distribution. Eg5 protein levels are
significantly higher than at stage 4. The protein
is localized within the tips of dendrites (4"), as
well as within newly forming sprouts of den-
drites (B’, C"). Scale bar, 5.5 um.

However, the Eg5 homologs do not appear to interact with
membranous organelles, but instead appear to associate primarily
with microtubules (Chang et al., 1996). In the neuron, we have
found Eg5 to be tightly concentrated within discrete regions of
the processes. This pattern is more reminiscent of the localiza-
tion of Eg5 and other motor proteins along microtubules within
the mitotic spindle and of fibrous M APs that bind to microtubules
along their lengths. High-resolution images of flattened growth
cones with splayed microtubules reveal a tight colocalization of
Eg5 with a subpopulation of the microtubule polymer. Together,
these observations suggest that Eg5 is unlikely to be involved in
the transport of membranous organelles and is more likely to be
involved in organizing microtubules themselves.

We suspect that the precise functions of Eg5 in the neuron are
in some way analogous to its functions in mitotic cells. Several
lines of evidence indicate that Eg5S and other members of the
bimC family are essential for separating the duplicated centro-
somes or spindle pole bodies during prophase (for review, see
Kashina et al., 1997), but the precise mechanisms for this are not
fully understood. At least in the case of Drosophila, the Eg5
homolog forms a homotetramer with all four motor domains
directed outward (Kashina et al., 1996). Because Eg5 moves
toward plus-ends of microtubules, it has been suggested that the
homotetramer could drive apart the two poles by generating
forces against oppositely oriented microtubules emanating from
each pole. Another possibility is that the tail end of the molecule
might be tethered to the centrosome or spindle pole body while
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the motor end moves toward the plus-ends of microtubules from
the opposite pole. This would also drive the two poles apart.
During metaphase, Eg5 localizes within each half-spindle near
the pole, suggesting that an additional function of the motor
might be to hold the minus-ends of microtubules near the pole
after their release from it (Sawin et al., 1992). Such forces would
antagonize those generated by cytoplasmic dynein, which would
otherwise transport the microtubules with plus-ends leading away
from each spindle pole (Gaglio et al., 1996).

In light of the manner by which Eg5 functions during mitosis,
there would appear to be multiple possibilities for the means by
which Eg5 could modulate microtubule organization in the distal
regions of neuronal processes. First, the motor might form a
homotetramer that is not tethered to any other structure. In this
case, the motor complex translocates toward the plus-ends of
neighboring microtubules, thus zippering them together but not
inducing the transport of either. Second, the motor might form a
homotetramer that is tethered to some other structure in the
cytoplasm that has a greater resistance to movement than the
microtubules. This structure may be a component of the cell
cortex, for example, and would be functionally analogous to the
structure that has been proposed to tether the motor to the
centrosome. In this case, movement of the motor complex toward
the plus-ends of the microtubules would cause the microtubules to
move in a retrograde direction within the process. Third, the motor
might exist as a dimer or monomer that generates forces between
neighboring microtubules, with the longer microtubule associated
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Figure 9.

Immunofluorescence analyses on the distribution of Eg5 in developing cultured rat sympathetic neurons. A, B, and B’ show neurons cultured

for 6 hr. A4 shows that Eg5 is present within cell bodies, lamellipodia, short processes resulting from coalescence of lamellipodia, and within the distal
tips of early axons. B is a B-tubulin double-stain to reveal morphology. B’ shows that Eg5 is present within the cell bodies and distal tips of somewhat
longer axons. The remaining panels show older cultures (3 and 14 d) double-immunostained for a dendrite-enriched neurofilament protein in C-E to
reveal morphology and for Eg5 in C'-E'. At 3 d, Eg5 is concentrated at the dendrite tip (C’, D") as well as in dendritic branches (D'). At 14 d, Eg5 is
still detected in the cell body, but is no longer concentrated at the dendrite tip (E"). Scale bar: A, 15 um; B-E’, 10 wm.

with the motor domain and the shorter microtubule associated with
the tail. In this case, the shorter microtubule would move in an
anterograde direction. The fourth possibility is similar to the third,
except that the shorter microtubule is associated with the motor
domain. In this case, the shorter microtubule would move in a
retrograde direction. The final possibility is that the motor exists as
a dimer or monomer whose tail is associated with a nonmicrotubule
structure with greater resistance to movement. In this case, the
microtubules would move in a retrograde direction.

The concentration of Eg5 at the tips of developing processes
suggests an important role for the protein in regulating their
growth. At least in the case of hippocampal neurons, the cells
initially generate several immature processes that remain roughly
the same length until one differentiates into the axon (Dotti et al.,

1988). The others maintain their short length for a few days, after
which they begin to grow longer and become dendrites. Notably,
the axon ceases its rapid growth until after the dendrites have
completed their elongation. Then, as indicated by studies on a
variety of different types of neurons, the growth of the axon is
marked by intermittent forward movements, backward move-
ments, and pauses (Halloran and Kalil, 1994). We strongly sus-
pect that these various behaviors relate to the transport of micro-
tubules within the distal regions of these processes (Tanaka and
Kirschner, 1991). As discussed above, Eg5 has the appropriate
properties to produce forces that could modulate the anterograde
transport of microtubules by cytoplasmic dynein. But, does Eg5
complement or antagonize anterograde microtubule transport? If
it is the former, then we would conclude that in the neuron, Eg5
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Figure 10.

Immunofluorescence analyses on the distribution of Eg5 in cultured hamster cortical neurons. Shown are hamster cortical neurons

double-immunostained for B-tubulin in 4 and B and for Eg5 in A" and B’. Eg5 immunostain colocalizes with a subpopulation of microtubule polymer

within the growth cone. Scale bar, 13 pum.

is activated in processes undergoing rapid phases of process
growth and inactivated in processes undergoing retraction or
pauses in their growth. If it is the latter, we would conclude that
Eg5 is activated in processes undergoing retraction or pauses and
inactivated in processes undergoing bouts of rapid growth. The
latter explanation seems more satisfactory because it can explain
all of the observed behaviors, whereas the former does not ex-
plain why processes retract or pause. In addition, the latter
explanation is more consistent with the enrichment later in de-
velopment of Eg5 within dendritic sprouts, which tend to remain
short. In either case, however, the modulation of microtubule
transport by Eg5 would be a major factor in regulating the growth
properties of a developing neuronal process and thereby defining
it as an axon or a dendrite.

How might Eg5 be activated or inactivated in select regions of
developing neurons? Although there are numerous ways in which
the function of a motor might be regulated, a particularly com-
pelling possibility is suggested by studies on Eg5 homologs in
other species. These studies indicate that the association of the
motor with microtubules is mediated by phosphorylation of a
single amino acid (Blangy et al., 1995; Sawin and Mitchison,
1995). MmEgS5 has a similar potential phosphorylation site, which
probably regulates its association with microtubules. It is possible
that the capacity of Eg5 to influence microtubule organization
depends on the binding to the microtubules of a certain number
of motor molecules and that this association is regulated by
phosphorylation. If this is correct, regulation of Eg5 phosphory-
lation may be an important means by which the development of
axons and dendrites is integrated with external and intrinsic cues,
both of which are known to affect protein phosphorylation as well
as neuronal differentiation (Ferhat et al., 1993).
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